During somatic cell reprogramming to induced pluripotent stem cells (iPSCs), fibroblasts undergo dynamic molecular changes, including a mesenchymal-to-epithelial transition (MET) and gain of pluripotency; processes that are influenced by Yamanaka factor stoichiometry. For example, in early reprogramming, high KLF4 levels are correlated with the induction of functionally undefined, transiently expressed MET genes. Here, we identified the cell-surface protein TROP2 as a marker for cells with transient MET induction in the high-KLF4 condition. We observed the emergence of cells expressing the pluripotency marker SSEA-1 + mainly from within the TROP2 + fraction. Using TROP2 as a marker in CRISPR/Cas9-mediated candidate screening of MET genes, we identified the transcription factor OVOL1 as a potential regulator of an alternative epithelial cell fate characterized by the expression of non-iPSC MET genes and low cell proliferation. Our study sheds light on how reprogramming factor stoichiometry alters the spectrum of intermediate cell fates, ultimately influencing reprogramming outcomes.
INTRODUCTION
Ectopic expression of OCT3/4, SOX2, KLF4m and c-MYC can convert somatic cells to induced pluripotent cells (iPSCs) (Takahashi and Yamanaka, 2006) . At the molecular level, reprogramming processes starting from mouse embryonic fibroblasts (MEFs) can be divided into three phases: initiation, maturation, and stabilization (Samavarchi-Tehrani et al., 2010) . The initiation phase is typically characterized by accelerated proliferation and the induction of a mesenchymal-to-epithelial transition (MET), while the maturation and stabilization phases are defined by entry into and acquisition of the pluripotency network (David and Polo, 2014) . Since reprogramming is still a long and low-efficiency process, the high heterogeneity of reprogramming intermediates make it complicated to identify the true reprogramming paths and mechanisms (O'Malley et al., 2013; Polo et al., 2012) . To overcome this, cell-surface antigens are relied upon as markers to predict bona fide reprogramming routes Zunder et al., 2015) . However, cell-surface marker presentation is influenced by the induction method and resulting factor stoichiometry (Chantzoura et al., 2015) . Even the surface presentation and dynamics of SSEA-1 (stage-specific embryonic antigen 1) (Andrews, 2011) , an early pluripotency marker used for dissecting mouse reprogramming, is diverse among different reprogramming systems Polo et al., 2012) .
The development of polycistronic systems allowed researchers to induce a prescribed stoichiometry of Yamanaka factors among transduced cells, with the intention of reducing heterogeneity of reprogramming intermediates and, in turn, the complexity of reprogramming (Carey et al., 2009; Sommer et al., 2009) . Among the Yamanaka factors, KLF4 plays important roles for both MET induction and the acquisition of pluripotency (Carey et al., 2011; Li et al., 2010; Polo et al., 2012; Sridharan et al., 2009 ). We previously identified that an N-terminal 9-amino-acid difference in Klf4 cDNAs commonly employed in polycistronic cassettes affects the final stoichiometry of reprogramming factors . In general, polycistronic cassettes utilizing short Klf4 (OKMS, STEMCCA, WTSI, and EB-C5) (Chou et al., 2011; Kim et al., 2015; Sommer et al., 2009; Yusa et al., 2009 ) induce low KLF4 protein expression compared with cassettes that utilize long Klf4 (OK +9 MS, OSKM, and MKOS) (Carey et al., 2009; Kaji et al., 2009; Kim et al., 2015) and induce high KLF4 protein expression. This difference in KLF4 consistently results in the induction of dissimilar reprogramming paths and efficiencies . Critically, high-KLF4 achieves efficient reprogramming compared with low-KLF4 . During high-KLF4 reprogramming we observed the expression of MET genes sustained in the pluripotent state, such as Epcam and Cdh1, in addition to transiently upregulated epithelial genes . Transient upregulation of lineagespecific genes has been observed using different reprogramming systems (Cacchiarelli et al., 2015; Nefzger et al., 2017; Polo et al., 2012; Takahashi et al., 2014) . However, the role of transient gene activation in determining cellular and molecular reprogramming phenotypes, and ultimately the acquisition of pluripotency, is still not fully appreciated.
In this study, we distinguish between the sustained and transient MET genes based on their expression dynamics, and aim to ascribe a functional role of transient MET induction in defining high-KLF4 reprogramming characteristics. We identify TROP2 as a cell-surface marker for transient MET and reprogramming potential. Using a focused CRISPR screen tracking TROP2 expression, we reveal OVOL1 as a candidate regulator of transient MET induction. Further functional analyses suggest that OVOL1 is not directly implicated in the acquisition of pluripotency, but rather acts to repress proliferation and the expansion of cells that fail to reprogram, helping to explain the apparent high efficiency of reprogramming with high-KLF4 stoichiometry.
RESULTS
Identification of a Cell-Surface Marker for KLF4-Induced Epithelialization MET genes activated early in reprogramming including Epcam and Cdh1, which sustain their expression in iPSCs, promoting the reprogramming process (Kuan et al., 2017; Li et al., 2010) . Based on transient MET gene expression and consistent pluripotency activation observed respectively in early and late high-KLF4 reprogramming, we hypothesized that aspects of transient MET induction may exert a positive effect on reprogramming. To test our hypothesis, we first compared low-KLF4 (OKMS) and high-KLF4 (OK +9 MS) reprogramming conditions ( Figure 1A ). Reprogramming was initiated by doxycycline treatment on day 0 and cells were harvested for flow-cytometry analysis on day 8, then passaged for analysis on day 18. Intermediate cells were tracked by transgene-linked expression of mCherry, while full reprogramming was detected by activation of the pluripotency reporter Nanog-GFP and concurrent silencing of mCherry ( Figure 1A ). As noted previously , expansion of mCherry + cells and acquisition of SSEA-1 were both reduced in the high-KLF4 condition compared with low-KLF4 ( Figure S1A ). Yet, the majority of colonies on day 18 successfully silenced exogenous mCherry and acquired Nanog-GFP reporter expression ( Figures 1A-1C ), indicating the efficient reprogramming of high-KLF4. Despite robust reprogramming initiation, most low-KLF4 colonies did not silence mCherry and remained Nanog-GFP À on day 18, resulting in low-efficiency reprogramming due to an expansion of mCherry + cells (Figures 1B and 1C) . At the molecular level, high-KLF4 induces epithelial and epidermal genes that are not expressed by MEFs or the resulting iPSCs . The 622 genes upregulated more than 2-fold on day 8 in high-KLF4 compared with MS (high-KLF4) polycistronic cassettes and analysis of their characteristics. Polycistronic cassettes were delivered by a piggyBac (PB) transposon with mCherry into ROSA-rtTA Nanog-GFP MEFs (-d1). Cultures were passaged on day 8 and the reprogramming capacity was analyzed on day 18. See main text for further details. Blue polygons represent PB 3 0 (left) and 5 0 (right) inverted terminal repeats. tetO, doxycycline-responsive promoter; IRES, internal ribosome entry signal; pA, polyadenylation signal. Microscopy image (left) shows the representative morphology of MEFs and intermediate colonies. Scale bars, 100 mm. Whole-well fluorescence microscopy images (right) on day 18 for Nanog-GFP and mCherry from low-and high-KLF4. Scale bars, 4,000 mm. (B) Quantification of Nanog-GFP À and Nanog-GFP + colony numbers on day 18 in low-and high-KLF4. Means ± SD for total colonies from three independent experiments. (C) Flow-cytometry analysis on day 18 for Nanog-GFP and mCherry in low-and high-KLF4. (legend continued on next page) low-KLF4 included Ocln and Cldn4 and were enriched in keratinocyte and skin development gene ontology (GO) terms ( Figure 1D ). Analysis of microarray data on days 2, 4, 6, 8, and 18 compared with MEF, iPSCs, and mouse embryonic stem cells (mESCs) revealed that these genes were transiently upregulated in the early phase of high-KLF4 reprogramming ( Figure S1B ). Of note, expression of sustained MET genes Epcam and Cdh1 were similar between the low-and high-KLF4 conditions ( Figure 1D ). Taken together, transient MET genes were specifically upregulated during the early phase of high-KLF4 reprogramming. The heterogeneity of reprogramming intermediates can be resolved using appropriate cell-surface markers (Buganim et al., 2012; Polo et al., 2012) . We therefore aimed to identify cell-surface markers associated with transient MET. From the 622 high-KLF4 specific genes ( Figure 1D and Table S1 ), we assessed membrane proteins including integrin subunit b4 (ITGB4) and 5 0 -nucleotidase ecto (NT5E), which were used previously to plot reprogramming trajectories by mass cytometry Zunder et al., 2015) , integrin subunit a6 (ITGA6), which is known to heterodimerize with b subunit ITGB4 or ITGB1 as a receptor for laminin (Takada et al., 2007) , and TROP2, encoded by tumor-associated calcium signal transducer 2 (Tacstd2), with high amino acid sequence similarity (67%) to EpCAM (McDougall et al., 2015) . Consistent with the microarray data ( Figure 1D ), EpCAM protein expression was detected by immunofluorescence in both low-and high-KLF4 on day 6, whereas TROP2 was only detected in high-KLF4 ( Figure 1E ). In the high-KLF4 condition, flow cytometry revealed that all markers were acutely upregulated in the early phase of reprogramming, while only EpCAM and TROP2 presented a bimodal distribution pattern (Figures 1F and S1C-S1F). Curiously, in contrast to the intermediate expression of EpCAM in low-KLF4 on day 8 (median fluorescence intensity [MFI], 3,500), expression in high-KLF4 reprogramming was bimodal, yet EpCAMpositive cells were more intense (MFI, 8, 481) than that of mESCs (MFI 3, 259) . In cells from high-KLF4 which went on to acquire Nanog-GFP, EpCAM expression was reduced to mESC levels (MFI, 3,788) ( Figure S1C ), implying a fundamental difference in MET induction between low-and high-KLF4. TROP2 was specifically upregulated in high-KLF4 compared with low-KLF4 in the early phase (days 6-8), overlapping in part with SSEA-1 expression, but not with Nanog-GFP ( Figure 1F ). Only late mCherry + cells retained TROP2 marker expression on day 18. Supporting the connection between KLF4 stoichiometry and transient MET with TROP2 presentation, we observed a similar pattern of high TROP2 and low SSEA-1 among other high-KLF4 reprogramming systems (OSKM and MKOS) while low-KLF4 systems (STEMCCA, WTSI and EB-C5) had low TROP2 and high SSEA-1 (Figure S1G ). To further characterize TROP2
À and TROP2 + populations, we carried out cell sorting at day 8, followed by global gene expression analysis ( Figures 1G and S1H) . Overall, the list of >2-fold upregulated genes in the TROP2 + population significantly enriched the GO terms related to biological processes of epithelial development and cell adhesion including ''keratinization,'' ''establishment of skin barrier,'' and ''keratinocyte differentiation,'' reminiscent of GO terms enriched in the high-KLF4 specific gene list and indicating enrichment from the total mCherry + population (Figures 1D and 1H; Table S1 ).
Moreover, Epcam and Cdh1 displayed higher expression in TROP2 + than TROP2 À , although the difference was only slightly more than 1.5-fold ( Figure 1H ). Based on these results, we propose TROP2 as a candidate marker for identification of the transient MET population in the early phase of high-KLF4 reprogramming.
Evaluation of TROP2 as a Marker for Reprogramming
Next, we compared the reprogramming capacity of TROP2 + and TROP2 À populations from early (day 8) and late (day 14) reprogramming by cell sorting and extended culture ( Figure 2A ). By day 18, the Nanog-GFP + proportion in the day 8-sorted TROP2 + culture was 1.5-fold higher than that of TROP2 -(29.8% versus 18.9%). On the contrary, TROP2 + sorting on day 14 could not enrich for cells with a high reprogramming capacity, while TROP2 À sorting showed a positive enrichment (3.67% versus 23.3%) ( Figure 2B ). Interestingly, flow-cytometry analysis of high-KLF4 at day 8 revealed that SSEA-1 + cells are enriched nearly 3-fold in the TROP2 + population compared with TROP2 À ( Figure 2C ). These results suggest that TROP2 expression in the early phase indicates reprogramming (D) Gating scheme for TROP2 À SSEA-1 À (DN) cell sorting from high-KLF4 reprogramming on day 6. (E) Live fluorescence microscopy images of nuclear mCherry, TROP2, and SSEA-1 at the indicated time points after cell sorting and replating of TROP2
À cells on day 6. Scale bars, 25 mm. (F) Gating scheme for DN, TROP2 + SSEA-1 À , TROP2 À SSEA-1 + , and DP cell sorting from high-KLF4 reprogramming on day 8. (G) Flow-cytometry analysis on day 18 for Nanog-GFP and mCherry from each day 8 sorted population. (H) Whole-well fluorescence microscopy images on day 18 for Nanog-GFP and mCherry from each day 8 sorted population. Scale bars, 4,000 mm. (I) Quantification of Nanog-GFP À and Nanog-GFP + colony numbers at day 18 from each day 8 sorted population. All colony numbers are normalized to mCherry + . Means ± SD for three independent experiments. (legend continued on next page)
progression, whereas cells that retain TROP2 expression in the late phase lose their reprogramming capacity. In contrast to EpCAM, which is expressed earlier and more uniformly in SSEA-1-positive cells from high-KLF4 ( Figure S1C ), the bimodal distribution pattern of TROP2 in both mCherry + and SSEA-1 + cell fractions ( Figure 1F ) as well as a similar timing of emergence on day 8 prevented us from determining the timing of cell-surface marker transition. To clarify the order of TROP2 and SSEA-1 presentation, we isolated double-negative (DN) cells on day 6 and performed live antibody staining with time-lapse microscopy over 3 days ( Figure 2D and Video S1). Eleven hours after sorting, mCherry + cells started to express TROP2 but remained SSEA-1 ( Figure 2E ). Figure 2E ). Moreover, these data indicate that TROP2 may be used to identify a distinct intermediate cell population in reprogramming, prior to SSEA-1 presentation.
Identification of Transient MET Regulators by CRISPR/ Cas9 Candidate Screen
To evaluate the role of the transient MET response in the acquisition of pluripotency, we aimed to identify transcriptional regulators of high-KLF4 MET induction among transiently upregulated genes ( Figure 1D ). We further refined the list of 622 high-KLF4 specific genes ( Figure 3A , green) through comparison with keratinocyte (blue, included) or mESC (red, excluded) gene lists. As a result, 176 genes were identified (160 + 16). An additional 24 genes shared between high-KLF4, keratinocytes, and mESCs were also included, as their expression in high-KLF4 reprogramming on day 8 transiently exceeded that of mESCs ( Figure 3A ), resulting in a total of 200 genes (Table S2) . Furthermore, transient expression specific to the high-KLF4 condition was confirmed throughout the 18-day reprogramming period (Figure 3B ), where expression peaked at day 8 and was retained in mCherry + cells on day 18, while iPSCs silenced gene expression similarly to mESCs. Eight genes encoding transcription factors (Ehf, Elf5, Irf6, Mxd1, Nfe2l3, Ovol1, Pyhin1, and Tead4) were selected from the list of 200 transient MET genes using the GO term ''sequence-specific À ± 3 SD used as screening thresholds. Means ± SD for ten independent experiments for sgRNA À and Fut9 sgRNA samples. For other sgRNAs, n = 1. (G) qRT-PCR analysis for Ovol1, Cldn4, and Ocln following Ovol1 knockdown in high-KLF4 on day 4. Fut9-kd5 was used as a control. All mRNA levels are normalized to Gapdh and relative to sgRNA À . Means ± SD for three independent experiments. *p < 0.05. Student's t test.
DNA binding transcription factor activity.'' Interestingly, most of the candidate transcription factors, including EHF (Albino et al., 2012) , ELF5 (Chakrabarti et al., 2012) , IRF6 (Richardson et al., 2006) , MXD1 (Werner et al., 2001) , NFE2L3 (Chevillard and Blank, 2011) , OVOL1 (Roca et al., 2013) , and TEAD4 , are expressed in the epidermis with known roles in maintaining epithelial cell characteristics or regulating wound healing. Our analysis, therefore, established a list of genes expressed in the high-KLF4 condition, which are unique and transient compared with sustained MET genes. We employed Streptococcus pyogenes CRISPR/Cas (Cas9) nuclease and interference systems for selected transcription factor gene knockout or knockdown during reprogramming ( Figure 3C ). To ensure that Cas9 activity was limited to reprogramming cells, we included a CBh promoter-driven expression cassette for Cas9 nuclease or the KRAB repression domain fused to nuclease-dead Cas9 (KRAB-dCas9) within the PB reprogramming vectors (Figure 3C ). CAS9 and KRAB-dCAS9 protein expression in both low-KLF4 and high-KLF4 conditions were detected by western blot in bulk culture on day 2 ( Figure 3D ). Protein levels for CAS9 and KRAB-dCAS9 decreased after day 4 in the high-KLF4 condition and after day 8 for low-KLF4 (Figure S3A) . As a demonstration of Cas9-and KRAB-dCas9-mediated gene regulation, we targeted a1,3-fucosyltransferase IX (Fut9), the key enzyme for SSEA-1 synthesis (Kudo et al., 2004) . Previously published single guide RNA (sgRNA) libraries were used to select Fut9 sgRNA sequences (Fut9-ko1-ko5 for knockout and Fut9-kd1, -kd2, -kd4, and -kd5 for knockdown, Figure S3B ) (Horlbeck et al., 2016; Koike-Yusa et al., 2014) . Both systems robustly suppressed SSEA-1 presentation on day 8 ( Figure S3C ). Comparison of day 8 with day 18 revealed that, in marked contrast to the permanent loss of SSEA-1 by Cas9-mediated gene knockout, KRAB-dCas9-mediated gene knockdown diminished over time due to the silencing of KRAB-dCas9 expression in the later phase of reprogramming (Figure S3D) . Finally, we confirmed that expression of Cas9 or KRAB-dCas9, with or without Fut9 sgRNAs, has no effect on reprogramming efficiency by assessing mCherry and Nanog-GFP reprogramming outcomes ( Figure S3E ).
Acute early-phase KRAB-dCas9 knockdown was deemed appropriate for screening transient MET regulators, while avoiding potentially complex phenotypes arising from a diverse mutation spectrum induced by Cas9 (Mandegar et al., 2016) . We employed TROP2 as a measure of perturbed transient MET induction, and screened five different sgRNAs (kd1-kd5) per candidate gene at the start of high-KLF4 KRAB-dCas9 reprogramming, with no-sgRNA (sgRNA À ) or Fut9-kd5 transfected cells as negative controls.
We included sgRNAs for Trp53 and Tacstd2 in the screen as positive controls, as p53 suppresses cell proliferation mediated by p21 during reprogramming (Hong et al., 2009 (Figures 3F and S4C ).
Given the results from TROP2-based screening and known role of OVOL1 in regulating epidermal differentiation (Lee et al., 2014) , we asked whether knockdown of Ovol1 also inhibits the induction of transient MET genes. Using qRT-PCR we analyzed the expression of Cldn4 and Ocln, representative transient MET genes in high-KLF4 (Table S2 ) previously described in the initial characterization of the MET process (Li et al., 2010; Samavarchi-Tehrani et al., 2010) . qRT-PCR analysis revealed that Ovol1 suppression by knockdown was accompanied by a significant decrease in both Cldn4 and Ocln expression ( Figure 3G ). Interestingly, in response to Ovol1 knockdown, EpCAM expression levels measured by flow-cytometry analysis decreased to match the expression levels observed in mESCs ( Figure S4D ). Overall, these results suggest that OVOL1 regulates aspects of transient MET that contribute to the identity of high-KLF4 reprogramming intermediates.
Ovol1 Knockdown Increases Both Failed and Fully Reprogrammed Colony Numbers
Next, we aimed to reveal the effect of Ovol1 knockdown on final reprogramming efficiencies. In contrast to our initial hypothesis that transient MET induction may have a positive effect on the acquisition of pluripotency, no obvious change was observed in the proportion of Nanog-GFP + cells
by flow-cytometry analysis, while mCherry + cells increased substantially ( Figures 4A and S5A) . Interestingly, quantification of whole-well images from day 18 cultures revealed a significant increase in Nanog-GFP + and large mCherry + colonies, a result consistent across all five Ovol1 sgRNAs ( Figures 4B, 4C , and S5B) and corroborating the increase in mCherry + cells noted at day 8 in the knockdown screen.
To validate our knockdown data, we performed Ovol1 knockout using Cas9. We selected three sgRNAs (Ovolko1, -ko2, and -ko5) based on their target sites ( Figure S4A ). Consistent with the knockdown result, Ovol1 knockout with any of the three sgRNAs led to an overall increase in both mCherry + and Nanog-GFP + colonies on day 18, while by flow-cytometry analysis the proportion of mCherry + cells grew measurably ( Figures 4D-4F , S5C, and S5D). To reveal the link between insertion or deletion mutations (indels) and phenotype, we performed cell sorting for mCherry + on day 8 and for mCherry + or Nanog-GFP + on day 18, followed by PCR and Sanger sequencing of target sites. We estimated indel types and frequencies in each population by employing computational sequence trace decomposition (TIDE) from mixed PCR amplicons Figure S5A. (B) Whole-well fluorescence microscopy images for Nanog-GFP and mCherry on day 18 following Ovol1 knockdown in high-KLF4. Scale bars, 4,000 mm. See also Figure S5B . (C) Quantification of Nanog-GFP À and Nanog-GFP + colony numbers on day 18 following Ovol1 knockdown in high-KLF4. Means ± SD for total colonies from four independent experiments. *p < 0.05. Student's t test. (D) Flow-cytometry analysis on day 18 for Nanog-GFP and mCherry following Ovol1 knockout in high-KLF4. See also Figure S5C . (E) Whole-well fluorescence microscopy images for Nanog-GFP and mCherry on day 18 following Ovol1 knockout in high-KLF4. Scale bars, 4,000 mm. See also Figure S5D . (F) Quantification of Nanog-GFP À and Nanog-GFP + colony numbers on day 18 following Ovol1 knockout in high-KLF4. Means ± SD for total colonies from three independent experiments. *p < 0.05. Student's t test. (G) Distribution of mutation frequencies predicted by TIDE in day 8 mCherry + , day 18 mCherry + , and day 18 Nanog-GFP + populations following Ovol1 knockout in high-KLF4. Mutant alleles were categorized based on a resulting in-frame indels 3n + 0 bp (yellow), frameshifted indels 3n + 1 bp (blue), or 3n + 2 bp (orange). Wild-type (black) alleles showed no indel. Data are representative of two independent experiments. See also Figure S5E . (B) Total cell numbers on day 8 following gene knockdown in high-KLF4. Means ± SD for three independent experiments (Student's t test for each sgRNA versus sgRNA À , Fut9-kd5, p = 0.056; Trp53-kd1, p = 0.047; Ovol1-kd1, p = 0.0043). *p < 0.05, **p < 0.01. (C) Flow-cytometry analysis of EdU incorporation in mCherry + and mCherry À cells for each sgRNA À (black) and Ovol1-kd1 (gray) in high-KLF4 on day 8. Means ± SD for three independent experiments (Student's t test Ovol1-kd1 versus sgRNA À in each mCherry + and mCherry À , in mCherry + , p = 0.038; in mCherry À , p = 0.93). *p < 0.05. (D) Scheme for Ovol1 overexpression experiments. PB-TAB expression vectors were co-transfected with OKMS (low-KLF4) or OK +9 MS (high-KLF4) plasmid. Reprogramming efficiencies were analyzed on day 18 without day 8 passage. (E) Whole-well fluorescence microscopy images for Nanog-GFP and mCherry on day 18 following overexpression of Ovol1 in low-and high-KLF4. Scale bars, 4,000 mm.
(legend continued on next page) (Brinkman et al., 2014) , and classified the results based on no mutation (WT), in-frame indels (3n + 0 bp), or frameshifted indels (3n + 1 or +2 bp). Indel rates in the mCherry + fraction ranged from 50% (Ovol-ko2) to 90% (Ovol-ko5) on day 8 (Figures 4G and S5E) . Intriguingly, indels resulting in a 1-or 2-bp frameshift were enriched in both the mCherry + and Nanog-GFP + populations by day 18, while WT alleles were depleted in both populations across all three sgRNA treatments ( Figures 4G and S5E ), indicating that not only is OVOL1 activity unnecessary for the acquisition of pluripotency, but its knockout also provides a selective advantage to reprogramming intermediates. For Ovol1-ko1, zeroframeshift indels were also observed to increase in both day 18 populations (Figure S5E ), highlighting the importance of the OVOL1 zinc-finger domains in mediating the OVOL1 phenotype ( Figure S4A ). Taken together, these results indicate that OVOL1 suppression allows for an overall higher proliferation rate in high-KLF4 reprogramming, with a particularly strong effect on the expansion of failed reprogramming cells.
OVOL1 Regulates Proliferation of Intermediates in High-KLF4 Reprogramming
Finally, we aimed to identify the mechanism by which Ovol1 knockdown results in a robust expansion of mCherry + cells. OVOL1 is known to suppress target genes through histone deacetylase recruitment (Nair et al., 2007) . Based on this repressor function of OVOL1, we identified genes that were negatively correlated with Ovol1 expression in the high-KLF4 condition. Negatively correlated genes showed an enrichment of GO terms related to cell proliferation including ''cell division,'' ''cell cycle,'' and ''mitotic nuclear division'' ( Figure 5A and Table S3 ). These results are consistent with binding of OVOL1 to the c-Myc promoter in overexpression assays (Nair et al., 2006) , and an observed increase in mCherry + cells at day 8 and total colony numbers at day 18 following Ovol1 knockdown ( Figures 3E and 4C) . Moreover, total cell numbers on day 8 following Trp53 or Ovol1 knockdown were significantly increased compared with sgRNA À or Fut9 knockdown ( Figure 5B ). 5-Ethynyl-2 0 -deoxyuridine (EdU) labeling for proliferating cells revealed a significant increase in EdU incorporation in the mCherry + population following Ovol1 knockdown, while EdU incorporation in the mCherry À population remained unchanged (Figure 5C ). Therefore, reprogramming intermediates display improved proliferation when OVOL1 is suppressed.
In the low-KLF4 condition, mCherry + cells show minimal induction of transient MET genes and proliferate rapidly resulting in a diminished proportion of Nanog-GFP + iPSCs on day 18 ( Figures 1A-1D ). We addressed whether the expression of OVOL1 could suppress the expansion of mCherry + cells, and possibly enhance the efficiency of low-KLF4 reprogramming ( Figure 5D ). Quantification of whole-well images revealed that Ovol1 overexpression in the low-KLF4 condition significantly reduced total colony numbers, while overexpression in the high-KLF4 condition had only a minor effect ( Figures  5E and 5F ). In both cases, the number of Nanog-GFP + colonies was proportionally reduced, as confirmed by flow cytometry ( Figure 5G ). These results indicate that while OVOL1 can suppress proliferation of failed reprogramming cells, its overexpression has an indiscriminate effect on all reprogramming populations and does not directly support the acquisition of pluripotency.
DISCUSSION
Somatic cell reprogramming processes diverge depending on the factor stoichiometry established by each reprogramming method (Chantzoura et al., 2015; Kim et al., 2015) . Carey et al. (2011) first recognized phenotypic differences between OSKM and STEMCCA polycistronic cassettes, which could be rescued by supplementation of STEMCCA with additional OCT3/4 and KLF4. Our results reiterate the importance of reprogramming factor stoichiometry in order to accurately interpret reprogramming processes and outcomes. In addition to the sustained ''core epithelial genes,'' the intermediates in high-KLF4 reprogramming express transient ''peripheral epithelial genes'' such as the transcriptional regulator Ovol1 and cell-surface protein Tacstd2. Importantly, the transient upregulation of Tacstd2 and Ovol1 were commonly observed in various high-KLF4 reprogramming systems (e.g., MKOS and OSKM). Intermediate states during reprogramming have recently regained attention as their influence on reprogramming outcomes are becoming clearer. Studies exploring chromatin structure and Yamanaka factor binding suggest somatic enhancer silencing and the formation of transiently opened chromatin regions (Chronis et al., 2017; Knaupp et al., 2017; Li et al., 2017) . These data show that KLF4 does not occupy Ovol1 or Tacstd2 in MEF early reprogramming (48 hr) or mESCs (Chronis et al., 2017) , times at which peripheral MET gene expression is not detected in (F) Quantification of Nanog-GFP À and Nanog-GFP + colony numbers on day 18 following overexpression of Ovol1 in low-and high-KLF4. Means ± SD for total colonies from three independent experiments (Student's t test, Ovol1 versus mock in low-KLF4, p = 0.0063; Ovol1 versus mock in high-KLF4, p = 0.052). **p < 0.01. (G) Flow-cytometry analysis on day 18 for Nanog-GFP and mCherry following overexpression of Ovol1 in low-and high-KLF4. our system. However, in one pre-iPSC line, KLF4 binds Ovol1 at the promoter and near exon 2, the site of a strong ATAC-seq (assay for transposase-accessible chromatin using sequencing) signal. Neither OCT3/4 nor SOX2 are ever found to occupy Ovol1 (Chronis et al., 2017; Knaupp et al., 2017) , suggesting that KLF4 may directly regulate Ovol1 expression. Compellingly, the same pre-iPSC sample shows open chromatin at the promoters of various peripheral MET genes including Tacstd2, which is not occupied by OCT3/4, SOX2, or KLF4 (Chronis et al., 2017) . Further experiments will be required to determine the genetic hierarchy and regulation of these intermediate cell states.
Based on the transient induction of MET genes and highly efficient reprogramming in high-KLF4, we initially hypothesized that aspects of transient MET may promote the reprogramming process. However, the transient MET genes interrogated in this study by CRISPR-interference repression or overexpression of OVOL1 appear to be unnecessary for pluripotency acquisition. Moreover, suppression of OVOL1 in high-KLF4 reprogramming not only resulted in diminished transient MET gene expression, but in turn promoted the expansion of mCherry + intermediate cells by derepression of cell proliferation. These results are consistent with OVOL1 biological functions regulating epidermal differentiation and proliferation (Lee et al., 2014; Nair et al., 2006) . Thus, we conclude that early activation of OVOL1 is responsible for the characteristically subdued induction phase and preventing the expansion of failed reprogramming cells by trapping them in an alternative epithelial state of low proliferation. As a result, OVOL1 contributes positively to the uniformity of Nanog-GFP + iPSC emergence and apparently potent reprogramming capacity of the high-KLF4 condition. Precise enrichment of specific cell populations is required to reveal the underlying molecular aspects of deterministic events during reprogramming. In this study, we revealed that under high-KLF4 conditions the majority of cells that become iPSCs follow the same cell-surface marker dynamics from TROP2 
EXPERIMENTAL PROCEDURES
Full experimental procedures and associated references are available in Supplemental Experimental Procedures.
Plasmid Construction
A list of sequence-verified plasmids and primers used for cloning is provided in Table S4 . Complete sequences are available through Addgene (plasmid numbers 120352-120360) or upon request.
MEF Isolation and PB Reprogramming
MEFs were isolated and reprogramming was induced as described previously (Woltjen et al., 2016) . Animal care and experiments using animal tissues and primary cell cultures were approved by the CiRA Animal Experiment Committee in accordance with Kyoto University guidelines. Different amounts of transposons were utilized to achieve similar transfection efficiencies based on mCherry induction (500 ng: PB-TAC-OKMS and -OK +9 MS, PB-U6-sgRNA, PB-TAB-LacZ, and -Ovol1; 1,500 ng: PB-TAC-OKMS-Cas9, -OKMS-KRAB-dCas9, OK +9 MS-Cas9 and -OK +9 MS-KRAB-dCas9). One thousand nanograms of pCyL43 PB transposase plasmid was used regardless of the total transposon amount.
Whole-Well Fluorescence Microscopy Imaging
Images were acquired with a Nikon BioStation CT (Nikon) equipped with GFP and mCherry fluorescence filters and phase contrast using 23 lenses. Colony count analysis was performed using a custom macro for CL-Quant 3.0. The threshold parameters were set by adding 5 times the SDs to the mean intensities of GFP-negative or mCherry-negative colonies in the background-subtracted images.
Microarray Analysis
RNA isolation, data acquisition, and data processing were performed as described by Kim et al. (2015) . array data for day 6 reprogramming intermediates and day 2 MEF (Mock) were previously described and deposited in the Gene Expression Omnibus (GEO) under accession number GEO: GSE65468 . All additional time points are available under accession number GEO: GSE116309.
Statistical Analysis
The data are presented as the means ± SD from indicated numbers of independent experiments. Student's t tests for detecting significance of biological difference were used for all statistical analysis.
ACCESSION NUMBERS
Deposited microarray data can be found in the GEO under accession number GEO: GSE116309. 
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